Introduction
============

Osteoarthritis (OA) is a degenerative joint disease affecting millions globally. OA is one of the primary types of arthritis and is predicted to become the fourth leading cause of disability by 2020([@b1-etm-0-0-9048]). The pathological features of knee osteoarthritis (KOA) result from the chronic degeneration of chondrocytes ([@b2-etm-0-0-9048],[@b3-etm-0-0-9048]). Since individuals \>65 years of age suffer from different degrees of KOA, its prevalence has steadily increased. KOA-related cartilage destruction, synovitis and osteophyte hyperplasia have become the main causes of disability in adults, especially in the elderly ([@b1-etm-0-0-9048]). As a progressive degenerative joint disease, the continual degeneration of articular cartilage promotes bone-to-bone friction, resulting in severe pain, stiffness and disability. A close correlation between inflammatory and catabolic changes and the occurrence and development of OA has been reported. However, the pathogenetic mechanisms of OA are yet to be fully elucidated ([@b4-etm-0-0-9048]). Therefore, current OA treatment options are limited, and there are no treatments that can effectively prevent its progression. With the recent development of biological agents, the TNF-α inhibitor etanercept has become an effective agent that provides biological support for tissue regeneration and repair ([@b5-etm-0-0-9048]). Total knee arthroplasty can only be used to treat patients with advanced OA, while those with mild disease are largely treated with drugs, including joint nutrients, non-steroidal anti-inflammatories, opioid analgesics and antipyretic analgesics. To a certain extent, patient joint mobility and clinical symptoms can be improved, but these treatments cannot slow or reverse the degeneration process, and the side effects of long-term use are significant ([@b6-etm-0-0-9048]). Therefore, the identification of safe and efficient treatments for OA is paramount.

At present, increasing numbers of natural plant compounds are being used to treat diseases and their associated complications. *Astilbe chinensis* is a traditional Chinese medicine which is commonly used to treat rheumatoid and skeletal muscle diseases, of which astilbin (AST) is one of the primary dihydroflavonol glycoside constituents ([@b7-etm-0-0-9048],[@b8-etm-0-0-9048]). Previous studies have shown that AST can significantly decrease the levels of serum interleukin (IL)-1, tumor necrosis factor-α (TNF-α) and IL-6 (as well as the activities of their associated protein targets) in rats with rheumatoid arthritis ([@b9-etm-0-0-9048]).

Previous studies have demonstrated that the NF-κB inhibitor α and PI3K/AKT signaling pathways serve key roles in cartilage degeneration ([@b10-etm-0-0-9048]). In addition, TNF-α and IL-6 may be used as downstream regulators of the nuclear PI3K/AKT/NF-κB signaling, and thus mediate the inflammatory response. Therefore, inhibiting the functions of such inflammatory pathways is an acknowledged option for the treatment of OA ([@b11-etm-0-0-9048]). Since AST downregulates the expression of TNF-α, we hypothesized that it may also serve a preventive role in OA. In the present study, papain-induced rats were used to evaluate the therapeutic effects of AST on OA, and to investigate its potential anti-inflammatory mechanisms.

Materials and methods
=====================

### AST and its primary reagents

Pure AST was provided by Shanghai Yuanye Biotechnology Co., Ltd. For experiments, AST was dissolved in phosphate buffered saline (PBS) and diluted with normal saline. Pentobarbital sodium, papain and cysteine were purchased from Guangzhou Chemical General Factory, and hematoxylin, water-soluble eosin Y, toluidine blue O, paraformaldehyde and EDTA were acquired from Takara Bio, Inc. Anti-TNF (cat. no. ab1793), IL-1 (cat. no. ab9722), β-actin (cat. no. ab8227), AKT (cat. no. ab8805), NF-κB (cat. no. ab28849), PI3K (cat. no. ab140307) and IL-6 (cat. no. ab6672) antibodies were all purchased from Abcam. The quantitative PCR detection and Prime Script RT kits were purchased from Bao Biological Engineering Co. Ltd., and Takara Biotechnology Co. Ltd., respectively.

### Animals

A total of 24 male Sprague-Dawley rats (age, 12 weeks; weight, 200-250 g) were purchased from and raised in the Experimental Animal Center of Guiyang College of Traditional Chinese Medicine (Guiyang, China), in line with the specific pathogen-free conditions of the College Animal Care and Use Committee. The rats were allowed free access to food and water.

All experiments conducted in the present study were approved by the Ethics Committee of Guiyang College of Traditional Chinese Medicine.

### Animal model establishment and intervention

The OA model was constructed using 12-week-old rats that were randomly divided into the following 4 groups (n=6 per group): i) AST; ii) PBS; iii) OA; and iv) control. AST was dissolved in PBS, thus the solvent was used as a control to eliminate interference factors. Rats in the AST, PBS and OA groups were injected with a mixed solution (0.25 ml/kg) of 4% (w/w) papain and 0.3 mol/l cysteine at the knee joint on days 1, 3 and 5. The control group did not receive surgical intervention. After successful establishment of the OA model, 3 mg/kg AST was administered to the AST group by gavage, and the PBS group received an equal volume of PBS only; the other two groups were treated with normal saline once a day for 4 weeks. At 4 weeks post-surgery, the rats were euthanized with pentobarbital sodium, and the knee joint tissues were collected for further analysis.

### Hematoxylin and eosin (H&E) staining

Cartilage tissues were collected from the knee joints of each rat, fixed in 4% paraformaldehyde for 24 h, and then dehydrated using a graded alcohol series. The tissue were embedded in paraffin and sliced into sections of 4 *μ*m thickness. After routine dewaxing, the sections were stained with hematoxylin for 8 min, washed with tap water for 1 min, and stained for 3 min in eosin solution. The sections were then sequentially sealed by graded alcohol dehydration, transparent xylene and neutral gum.

### Toluidine blue staining

After routine dewaxing, the tissue sections were stained with 0.5% toluidine blue solution for 30 min and washed with tap water. After separation for 5 sec in 0.5% glacial acetic acid solution, the sections were washed with distilled water and subsequently sealed by gradient alcohol dehydration, transparent xylene and neutral gum (as aforementioned). The average optical density of toluidine blue was then analyzed.

### Western blot analysis

The articular cartilage was placed in a mortar, liquid nitrogen was added, and the samples were immediately ground. After grinding, the proteins were extracted using 1 g/4 ml RIPA protein lysis buffer at 4˚C. After 2 h with vibration at 30 min intervals, the lysates were centrifuged at 219,128 x g at 4˚C for 30 min and quantified using a BCA assay. The supernatants (200 *μ*l each) were transferred to a fresh centrifuge tube and 50 *μ*l protein loading buffer was added before boiling for 5 min. Equal amounts of protein were separated using 10% SDS-PAGE gels, and then transferred onto PVDF membranes for 2 h. After transfer, the membranes were blocked with 5% skimmed milk at room temperature for 2 h, and then β-catenin antibody, AKT (1:1,000), PI3K (1:1,000), TNF-α (1:1,500), IL-6 (1:1,000) and IL-1β (1:1,000) primary antibodies were added for overnight incubation at 4˚C. The membranes were washed 3 times with TBST buffer (10 min each), 4 ml secondary goat anti-rabbit IgG/HRP antibody (1:10) was added, and the membranes were incubated at room temperature for 1 h. The membranes were then washed as aforementioned prior to exposure and image development. The grayscale value was analyzed using Image Lab software (Bio-Rad Laboratories, Inc.) and the relative protein expression levels were calculated. The relative expression of β-actin = actual protein gray value/internal reference gray value.

### Reverse transcription-quantitative (RT-q)PCR

Total RNA was extracted from the rat cartilage tissues using TRIzol^®^ reagent. According to the manufacturer\'s instructions, mRNA was reverse transcribed using the PrimeScript RT kit (Takara Bio, Inc.) and qPCR was conducted using the Thermal Cycler Dice™ real-time system (Takara Bio, Inc.) with SYBR® Green I dye. Sequence-specific primers were designed to produce products with lengths between 120 and 436 bp (listed in [Table I](#tI-etm-0-0-9048){ref-type="table"}). The average Ct values were standardized to that of β-actin, and the results were quantified using the 2-^ΔΔ^Cq method. All experiments were repeated three times.

### Statistical analysis

The data were obtained from ≥3 independent experiments and are expressed as the mean ± standard deviation. Single factor analysis of variance followed by the LSD test was used for comparisons between groups. Data analysis was performed using the SPSS 20.0 statistical software package (IBM Corp.) and P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### H&E staining analysis

H&E staining revealed that the surface layers of the control group tissues were intact and smoother than those of the AST group, where the cartilage layer was clearly discernible and the tidal line was intact ([Fig. 1D](#f1-etm-0-0-9048){ref-type="fig"}). In the PBS group, the articular cartilage was damaged with a rough surface; the cartilage layer was narrower, and the chondrocytes were exposed with a disordered arrangement ([Fig. 1B](#f1-etm-0-0-9048){ref-type="fig"}). In the OA group, severe destruction of the cartilage, an obvious decrease in cell numbers, a decrease in the cartilage layer and proteoglycan loss were observed ([Fig. 1C](#f1-etm-0-0-9048){ref-type="fig"}). In the AST group, the cartilage surface was smooth, and the structure was normal. The cytoplasm and cartilage matrix were pink and evenly stained, the chondrocytes were neatly arranged and the tide line was intact ([Fig. 1A](#f1-etm-0-0-9048){ref-type="fig"}). The AST group exhibited decelerated cartilage destruction and the lowest degree of joint damage, which was similar to the results of the control group. The chondrocytes were more neatly arranged than those in the PBS and OA groups, with decreased levels of cytoclasis.

### Toluidine blue staining

Toluidine blue staining revealed that in the control group, the superficial layer of the cartilage was deeply stained with a blueish-purple color; the stained area was large with a uniform color distribution ([Fig. 2D](#f2-etm-0-0-9048){ref-type="fig"}). In the PBS group, the staining depth and area were decreased, and large unstained areas were present ([Fig. 2B](#f2-etm-0-0-9048){ref-type="fig"}). Tissues in the OA group also possessed large unstained areas, a light blue color, and a significantly lower proteoglycan content than those of the other groups ([Fig. 2C](#f2-etm-0-0-9048){ref-type="fig"}). Compared with the OA and PBS groups, the AST group exhibited relatively uniform blueish-purple staining of a higher color depth ([Fig. 2A](#f2-etm-0-0-9048){ref-type="fig"}).

### Western blot analysis

Western blot detection demonstrated that TNF-α, IL-6 and AKT protein expression was significantly lower in the cartilage of the AST group rats than in those of the PBS and OA groups (P\<0.001). The levels of IL-1β and PI3K in the AST group were lower than those in the PBS and OA groups, though the difference was still significant (P\<0.05). Compared with the control group, the relative expression level of each protein was higher in the PBS and OA groups ([Fig. 3](#f3-etm-0-0-9048){ref-type="fig"}).

### RT-qPCR

The results of RT-qPCR indicate that when compared with the PBS and OA groups, the mRNA levels of TNF-α, IL-6 and AKT were significantly lower in the cartilage of rats in the AST group. Relative to the OA group, the PI3K levels in the AST group tissues were also significantly lower (P\<0.05). There were no significant differences in IL-1β expression between the groups, and the control group displayed the lowest expression levels of all five genes ([Fig. 4](#f4-etm-0-0-9048){ref-type="fig"}).

Discussion
==========

OA is the most common joint disease and the primary cause of joint-associated disability worldwide. As the population ages, the prevalence of KOA is expected to continue to rise, and to place a heavy burden on the social health care system ([@b12-etm-0-0-9048]). Although a variety of risk factors have been associated with the onset of OA in recent decades, the therapeutic effects of physiotherapy remain limited. As such, non-steroidal anti-inflammatory drugs are the primary treatment options for OA ([@b13-etm-0-0-9048]); however, these compounds only temporarily ameliorate the clinical symptoms, rather than slow the development of OA. Therefore, there is an urgent need for drugs that specifically target the molecular components of OA-associated cartilage degradation.

Research into the efficacy and mechanisms of Chinese herbal medicines for the treatment of OA are critical. Previously, *Astilbe chinensis* was mainly used to treat rheumatism and relieve swelling and pain. *Astilbe chinensis* contains a series of bioactive components, including flavonoids, mannose-binding lectins and terpenes. In the clinic, it is often used to treat nephritis, rheumatoid arthritis, leptospirosis, bacillary dysentery, urethral infections and various other diseases ([@b11-etm-0-0-9048],[@b14-etm-0-0-9048]). Studies have shown that the rhizome extract of *Astilbe chinensis* can inhibit the activity of specific inflammatory cells via immunomodulation. However, its mechanism is yet to be elucidated. AST is a dihydroflavonol derivative isolated from the rhizome of *Astilbe chinensis*, which exerts a variety of pharmacological effects, including antioxidant, anti-inflammatory, anti-diabetic and nephrotic properties ([@b15-etm-0-0-9048],[@b16-etm-0-0-9048]). Evidence suggests that AST can reduce collagen-induced arthritis-associated dysfunction by selectively inhibiting lymphocyte function ([@b17-etm-0-0-9048]) and decreasing the production of matrix metalloproteinases (MMPs) and nitric oxide. Moreover, AST attenuates contact allergies by stimulating IL-10 in lymphocytes ([@b18-etm-0-0-9048]), and alleviates disease progression in rats prone to systemic lupus erythematosus by inhibiting the functionally activated T and B cells ([@b19-etm-0-0-9048]). Although AST has been reported to inhibit inflammatory factors and suppress the immune response, there are no reports addressing the application of AST in OA. In addition, the anti-inflammatory mechanisms of AST in the treatment of OA remain to be elucidated. To the best of our knowledge, the present study is the first to report the use of AST in the treatment of OA.

The release of TNF-α and IL-6 serves a key role in the synovial fluid and serum of patients with OA ([@b20-etm-0-0-9048]). IL-6 is the primary mediator of cartilage and bone degeneration, the accumulation of inflammatory cells, the persistence of inflammation, and the emergence of rheumatoid factors ([@b21-etm-0-0-9048]). IL-8 functions to promote the infiltration of immune cells and the recruitment of white blood cells ([@b22-etm-0-0-9048]). In patients with OA, TNF-α is largely produced by activated macrophages and is believed to be a major contributor to inflammation and joint destruction ([@b23-etm-0-0-9048]). The results of the present study indicate that AST possesses potential anti-inflammatory properties and can decrease OA-associated cartilage damage. The PI3K/AKT pathway is associated with the pathogenesis of OA, as well as changes in the extracellular matrix ([@b24-etm-0-0-9048]). Activation of the PI3K/AKT pathway can induce the phosphorylation of IκBα and p65, activating the downstream NF-κB pathway in chondrocytes, thus increasing the production of MMP and cyclooxygenase-2([@b25-etm-0-0-9048]). Hence, inhibition of the PI3K/AKT pathway has been considered as an option for the treatment of OA.

In the present study, H&E staining indicated that AST may protect the articular surface and reduce OA-associated damage. According to western blot analysis, AST was found to inhibit the phosphorylation of PI3K and AKT ([@b25-etm-0-0-9048]). At the same time, the mRNA expression levels of TNF-α, IL-6, PI3K and AKT were downregulated in the cartilage tissue of rats in the AST group, suggesting that the inflammatory response was retarded, and that inhibiting the inflammatory pathways may provide a favorable environment for articular cartilage repair.

The results of the present study indicate that AST significantly inhibits the expression of inflammation-associated factors by targeting the PI3K/AKT pathway, which enables it to play a significant role in the treatment of OA. AST is believed to regulate and prevent OA by downregulating IL-1β and TNF-α expression, which delays cartilage degeneration and promotes cartilage repair. The present study provides experimental evidence and a theoretical basis, expounding the mechanisms of this traditional Chinese medicine in the treatment of OA. However, there are limitations to the current study. It is necessary to further investigate the potential synergism between NF-κB and other related factors (including Toll-like receptors and mitogen-activated protein kinases), and the relevant molecular pathways associated with their inflammatory mechanisms. This will be the focus of subsequent studies.
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![Hematoxylin and eosin staining map of rat cartilage tissue sections. Cartilage matrix in the OA and the PBS groups was lightly stained; arrows indicate chondrocytes, and the cartilage matrix. In the OA and PBS groups, the cartilage was severely damaged, the cartilage layer and cell numbers were significantly reduced, and proteoglycan was lost. In the AST group, the cytoplasm and cartilage matrix were pink and evenly stained, and the chondrocytes were neatly arranged. Surface layers of the control group tissues were smoother than those of the AST group; the cartilage layer was clearly discernible and the tidal line was largely complete. Magnification, x100. (A) AST, (B) PBS, (C) OA and (D) control groups. OA, osteoarthritis; AST, astilbin.](etm-20-04-3078-g00){#f1-etm-0-0-9048}

![Toluidine blue staining map of rat cartilage tissue sections. Cartilage tissues from the OA and PBS groups were lightly stained; arrows indicate chondrocytes. A deeper staining concentration indicates a greater ability to secrete proteoglycans and decreased cartilage destruction. Magnification, x100. (A) AST, (B) PBS, (C) OA and (D) control groups. OA, osteoarthritis; AST, astilbin.](etm-20-04-3078-g01){#f2-etm-0-0-9048}

![Western blot analysis of IL-1β, TNF-α, IL-6, AKT and PI3K protein expression in rat cartilage tissue sections. ^\*^P\<0.05 and ^\*\*^P\<0.001 vs. the PBS and OA groups. OA, osteoarthritis; AST, astilbin; IL, interleukin; TNF-α, tumor necrosis factor-α.](etm-20-04-3078-g02){#f3-etm-0-0-9048}

![mRNA expression levels of IL-β, TNF-α, IL-6, AKT and PI3K in rat cartilage tissue sections. ^\*^P\<0.05 vs. the PBS and OA groups. OA, osteoarthritis; AST, astilbin; IL, interleukin; TNF-α, tumor necrosis factor-α.](etm-20-04-3078-g03){#f4-etm-0-0-9048}

###### 

Primer sequences.

  Genes     Forward                 Reverse
  --------- ----------------------- -----------------------
  TNF       CTCACCACAAAGGAGAAGCCT   GGTAAGGGAAAGAGGTCGGC
  IL-6      CTGATGCTGCCTATTGCCCA    TGCTCAGACTCTCCCTTCTGA
  IL-1β     CCTTGTCGAGAATGGGCAGT    CAGGGAGGGAAACACACGTT
  AKT       CACTCCCGGTGAACTCTGAC    CTAAAGGCCGCCCTACACAA
  PI3K      ACCTGGGAGTGGAGAAACAGA   GTGGGCCACATCACTTAGACA
  β-actin   GTGTGGTCAGCCCTGTAGTT    CCTAGAAGCATTTGCGGTGC

TNF, tumor necrosis factor; IL, interleukin.
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